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Abstract 
This work presents metal assisted etching for surface texturing of industrial size String Ribbon wafers. Palladium 
serves as a catalyst for chemical etching in an aqueous solution containing hydrofluoric acid and nitric acid. String 
Ribbon solar cells textured by metal assisted etching show a decreased effective reflection Reff = 16 %rel compared 
to untextured solar cells. The decreased reflection results in a solar cell efficiency increase cell = + 0.4 %abs. The 
improvement in solar cell efficiency is mainly due to an increase Jsc = + 0.9 mA/cm2 in the average solar cell short 
circuit current density Jsc and an increase FF = 0.7 %abs in fill factor FF. Due to enhanced optical coupling, the 
efficiency increases additional module ≈ 0.1 %abs after encapsulation of the cells behind glass.  
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1. Introduction 
State of the art industrial solar cells utilize a surface texture to reduce front surface reflection and thus 
increase their power conversion efficiency. For standard mono- and multi-crystalline silicon wafers wet 
etching processes result in cost effective and reliable surface texturing. For mono-crystalline silicon, an 
alkaline etchant attacks the (100) surfaces and results in (111) oriented random pyramids [1]. For multi-
crystalline silicon from stock casting with more or less randomly oriented grains an acidic solution etches 
the silicon at the saw-damage introduced during wafer slicing and forms a rough texture [2]. In contrast, 
multi-crystalline String Ribbon silicon wafers grow directly from silicon melt [3] and feature 
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crystallographic surface orientations close to (111) or (110). This unique growth method requires no wafer 
sawing and allows for an easy thickness reduction, therefore showing a great potential to reduce the 
production costs in solar cell manufacturing. Unfortunately, due to the absence of saw damage and the 
surface orientation, neither acidic nor alkaline etch solutions result in a satisfying texture on String Ribbon 
material [4].  
This work presents metal assisted etching (MAE) as a surface texturing method for nonstandard silicon 
material as e.g. String Ribbon. A noble metal activates the etchant and results in a surface texture 
independently from the presence of saw damage and crystallographic orientation [5-7]. The catalytic 
metal sinks in macro-pores etched by the activated acidic solution. Then, a potassium hydroxide solution 
polishes off the accrued porous silicon surface layer and structures the surface. A MAE surface texture 
results in a greatly reduced surface reflection and therefore allows for an increased efficiency. As a result, 
we obtain an absolute solar cell efficiency increase of cell = + 0.4 %abs when compared to untextured  cells. 
2. Results and Discussion 
2.1. Texture 
The metal assisted surface texturing method consists of three processing steps. Firstly, palladium 
deposits on the silicon surface as the catalyst for the metal assisted etching. Secondly, an acidic solution 
etches into the wafer and results in a porous silicon layer. Thirdly, a potassium hydroxide solution 
polishes off the porous silicon and structures the surface. Finally, wet chemical cleaning removes of any 
metal residue. 
In detail: A dip in diluted hydro fluorine acid (HF) removes the native oxide from p-type doped String 
Ribbon wafers. Then, palladium nano-particles deposit from an aqueous palladium chloride (PdCl2) 
solution on the silicon surface. A short etch for an etching time tacidic = 30 s in an acidic solution of 
HF(50%):HNO3(69%):H2O vol. 4:1:2 forms a porous silicon layer with a thickness d = 4 μm. While the 
MAE etching is quite aggressive, the same acidic solution is unable to etch any saw damage free 
crystalline silicon in the absence of a noble metal. This confirms the catalytic effect of a noble metal. The 
surface texture forms during etching in 45 % concentrated potassium hydroxide (KOH) solution, which 
first removes the upper porous silicon layer and then etches anisotropically into the silicon material. 
Finally, a hydrochloride (HCl) and a RCA clean [8] remove metallic and organic impurities from the 
String Ribbon wafers.  
Figure 1 (a) shows a scanning electron microscope image of palladium nanoparticles with a dimension 
d = 50 -100 nm. After applying the PdCl2 solution for a deposition time tPd = 30 s palladium randomly 
deposits on the String Ribbon wafer with a cluster density of 108 cm-2. Figure 1(b) displays a String 
Ribbon wafer after activation in PdCl2 solution and HF/HNO3 etching for tacidic = 35 s. The etching 
solution forms a porous surface structure with pore openings of diameter d < 1 μm. The palladium 
particles do not directly react with the silicon substrate or the HF/HNO3 solution but sink in macro-pores 
etched by the activated acidic solution. Figure 1(c) shows the final texture morphology after etching in 
potassium hydroxide. First, KOH removes the porous surface structure and then forms randomly 
distributed inverted pyramids with a width d ป 1 - 3 μm by anisotropic etching. 
J. Cichoszewski and M. Reuter / Energy Procedia 8 (2011) 635–641 637
 
Fig. 1. (a) Flat String Ribbon surface with Pd nano-cluster deposited from aqueous PdCl2 solution; (b) String Ribbon surface after 
metal assisted etching in HF:HNO3:H2O solution for 35 s; (c) Textured String Ribbon surface after restructuring and porous silicon 
removal in KOH.  
Figure 2 presents the wavelength dependent reflectance of String Ribbon wafers and the influence of 
the MAE texture and antireflective coating. The effective reflection Reff is calculated by weighting the 
integrated reflectance R( ) and the solar flux Nph of an AM1.5G solar irradiation over the wavelength 
regime from 400 nm to 1000 nm [9]. Compared to the flat, bare wafer with Reff = 39.3 %, the MAE 
texture significantly lowers the reflection in the entire wavelength regime to Reff = 22.7 %. Similarly, the 
effective reflectance Reff = 5.7% of MAE textured wafer with silicon nitride antireflective coating is much 
lower than untextured one with Reff = 9.7%. The MAE texture especially reduces the reflectance for the 
blue and red wavelength regime. The lower reflectance for wavelengths  1000 nm indicates a higher 
grade of randomization of the irradiation, and thus a longer light path in the bulk material.  
 
Fig. 2: Wavelength dependent reflectance of a flat and a MAE-textured String Ribbon wafer and of a flat and a MAE textured 
String Ribbon solar cell. The introduction of a MAE front surface texture greatly reduces the effective reflection Reff. 
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2.2. Solar Cells 
As a starting material we use p-type doped String Ribbon wafers with a thickness d = 180  5 μm and 
a size of 80 x 150 mm2. After surface texturing and cleaning as described in section 2.1 the wafers 
undergo a standard industrial solar cell fabrication procedure. A 60 Ohms/sq. emitter is diffused in a 
quartz glass tube furnace from POCl3. Silicon nitride antireflection layer deposit from plasma enhanced 
chemical vapor (PECVD) with optimized layer thicknesses to account for the different surface 
morphologies. Screen printing applies a silver front grid and full aluminum back side. Finally, co-firing 
and laser edge isolation complete the cells.  
Table 1 presents electrical values obtained from current/voltage characteristics (in-house measurement 
at Popt = 100 mW/cm² and T = 25 °C corrected to ISE values) of 8 cells of each group: MAE textured and, 
as a reference, untextured cells. Compared to the reference group, the considerably reduced reflectance of 
the MAE textured surface results in an increase Jsc = 0.9 mA/cm2 of the median short circuit current 
density Jsc. The median open circuit voltage Voc remains nearly on the same level. We ascribe the small 
reduction in Voc to the increased surface area of the textured solar cell, while a Pd contamination of the 
bulk silicon material would introduce a strong reduction in Voc. The texture increases the surface area in 
contact with the silver front grid and therefore results in an increase FF = 0.7 %abs in fill factor FF. 
Overall, the MAE texture increases the median efficiency  by  = 0.4 %abs.  
Figure 3 shows the quantum efficiency QE for untextured and MAE textured String Ribbon solar cells. 
The nearly equal internal quantum efficiency IQE proves a comparable electronic quality of the solar 
cells and indicates a comparable bulk lifetime. The increased external quantum efficiency EQE of the 
MAE textured solar cell for wavelengths  < 600 nm stems from the reduced front surface reflection and 
reflects increase Jsc = + 0.9 mA/cm² in the short circuit current density Jsc. The equal IQE in the 
wavelength regime 700 nm <  < 1200 nm proves an equal bulk material quality, thus indicating the 
absence of deleterious Pd contamination. The presence of significant Pd contamination would yield 
increased carrier recombination and therefore deteriorate the carrier lifetime. 
Table 1: Solar cell characteristics for MAE textured and untextured Sting Ribbon solar cells (in-house measurement at Popt = 100 
mW/cm² and T = 25 °C scaled to ISE CalLab values): Short circuit current density Jsc, open circuit voltage Voc, fill factor FF, 
efficiency , and number of cells. 
 Jsc [mA/cm2] Voc [mV] FF [%] [%] # cells 
MAE 
texture 
Median1 31.9  598  76.5  14.5  8 
Best2 32.0 599 76.7 14.7 1 
No  
texture 
Median1 31.0  602  75.8  14.1  8 
Best2 31.4 605 77.0 14.6 1 
1Scaled to ISE CalLab values. 2Independently confirmed by ISE CalLab, Freiburg, Germany 
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Fig. 3: Quantum efficiency of flat and MAE-textured String Ribbon solar cells. Nearly equals internal quantum efficiency IQE 
indicate comparable electronic quality of the solar cells. The textured solar cell shows an increased external quantum efficiency 
EQE in the short wavelength regime  < 600 nm, which is due to a reduced front surface reflection as shown in Fig. 2. 
2.3. Solar Modules 
The increased solar cell efficiency results mainly from an increased harvesting of the photons in the 
blue wavelength regime for  < 600 nm. Therefore, the question arises, if this gain sustains after 
encapsulation of the solar cells behind glass. 
Figure 4 shows the short circuit current density JSC of String Ribbon solar cells, strings, and single-cell 
modules, encapsulated in window glass, EVA-foil, and Tedlar (in-house measurement at Popt = 100 
mW/cm²; solar cell data scaled to ISE CalLab values; strings and modules: cell area illuminated only; T = 
25 °C). Textured solar cells gain + 0.2 mA/cm² in short circuit current density due to the enhanced optical 
coupling while untextured solar cell loose JSC = 0.1 mA/cm². Therefore, on the module level the 
encapsulated MAE textured solar cells gain additional  ≈ + 0.1 %abs.  
 
 
Fig. 4: Short circuit current density Jsc of textured and untextured Sting Ribbon solar cells, strings, and modules. The MAE texture 
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improves the optical coupling and yields an additional gain Jsc = + 0.3 mA/cm² compared to encapsulated untextured cells. 
3. Conclusions 
Metal assisted etching allows for fast, reproducible, and straightforward texturing of saw-damage free 
crystalline silicon surfaces independent of crystallographic orientation. MAE textured String Ribbon solar 
cells show an increase  = + 0.4 %abs in efficiency  due to an increase JSC= + 0.9 mA/cm2 in the short 
circuit current density Jsc compared to untextured String Ribbon solar cells. The fill factor increases by 
FF = + 0.7 % as a result of a reduced contact resistance on the textured surface. The benefit of the 
surface texture is also reflected in the optical properties of the modules due to an enhanced optical 
coupling: Here, we observe an additional gain JSC = 0.3 mA/cm2 in the short circuit current density Jsc 
compared to encapsulated untextured String Ribbon solar cells. Thus, the MAE textured Sting Ribbon 
one-cell-modules show an additional efficiency increase  ≈ + 0.1 %abs. 
Clearly, the unique advantages of MAE texturing make this technology not only interesting for String 
Ribbon wafers but also for other silicon wafers with a (111)-orientation, such as produced by the SLIVER 
[10] or SI-GEN [11] technology. Therefore, we see a great opportunity for MAE texture to improve the 
power conversion efficiency of the above mentioned wafering processes. 
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